. RNA Is Essential for SMN Import (A) Import assays were conducted in vitro by permeabilizing HeLa cells with digitonin and incubating them for 1 hr at 4ЊC (negative control) or 30ЊC (positive control). Transport reactions were performed with GFP-SMN generated in untreated or RNase-treated rabbit reticulocyte lysate. On RNase treatment, the RNA levels were monitored by Northern blotting. Bar, 10 m. (B) The SMN domain encoded by exon3 is both necessary and sufficient for importin ␤ binding in vitro. GST pull-downs were set up with a panel of SMN constructs and recombinant importin ␤; GST alone served as a negative control. The pull-downs were analyzed by Western blotting for importin ␤ and GST (loading control). (C) RNA stabilizes the SMN-Importin ␤ interaction in vivo (left). HeLa cells were transiently transfected with myc-SMN; untransfected cells served as a negative control. Immunoprecipitations (IPs) were performed from total HeLa cell lysates with monoclonal antibodies against myc either in the presence or absence of RNase. The IPs were analyzed by Western blotting with ␣-importin ␤; ␣-myc was used as a loading control. SMN and importin ␤ interact in the cytoplasm (right). HeLa cells were fractionated and pull-downs were set up against the nuclear and cytoplasmic pools using GST-SMN or GST alone (negative control). The results were assessed by Western blotting with ␣-importin ␤ and ␣-GST (loading control).
RNA Is Essential for SMN Import
Having defined the temporal parameters for nuclear transport, we determined whether SMN import was RNA dependent. Following translation of GFP-SMN, the reticulocyte lysate was incubated in the presence or absence of RNases A and T1 prior to use in the transport assay. Northern blotting was used to monitor RNA integrity in the lysate ( Figure 1A ). RNase-treated lysate did not sustain import, whereas untreated or mock-treated lysate efficiently imported GFP-SMN ( Figure 1A) . Thus, nuclear import of GFP-SMN requires RNA in the reconstituted cytosol.
Previously, we showed that GST-SMN binds recombinant importin ␤ in vitro, potentially serving as its putative import receptor (Narayanan et al., 2002) . Upon mapping the interaction using various GST-SMN subfragments, we found that the importin ␤ interaction domain was contained within sequences encoded by SMN exon 3 ( Figure 1B ). Intriguingly, this region of SMN is also known to bind Sm proteins (Bü hler et al., 1999). The direct interaction of SMN and importin ␤ seemed at odds with a requirement for RNA in SMN import. As GST-pulldown experiments are highly sensitive, we hypothesized that, in vivo, RNA might be required in order to stabilize the interaction. To test this idea, we transfected HeLa cells with myc-tagged SMN and immunoprecipitated with anti-myc antibodies using cell lysates that were either treated or untreated with ribonuclease. We then assayed for coprecipitation of importin ␤ by Western blotting. Importin ␤ was recovered only in the absence of RNase ( Figure 1C , left panels), and in a separate GSTpull-down experiment, complexes between SMN and importin ␤ were only detected in the cytoplasm ( Figure  1C, right) . Thus, the interaction of SMN and importin ␤ in vivo is cytoplasmic and RNA mediated. Figure 2A ). Control lysates were depleted with antibodies against U2B″, a U2 snRNP-specific protein that is imported independently, binding the RNP only in the Importin ␤ Is Required for SMN Import nucleus (Hetzer and Mattaj, 2000). Significantly, deplePrevious studies have shown that nuclear transport of tion of snRNPs but not U2B″ inhibited GFP-SMN import U snRNPs depends upon importin ␤ (Palacios et al. (Figure 2B ). To establish that the effect was due to the 1997). If SMN import depends on snRNPs, then it follows snRNPs present in the reticulocyte lysate, we added that importin ␤ should mediate SMN transport. Therepurified snRNPs (Bach et al., 1990) to the depleted lyfore, we depleted importin ␤ from the reticulocyte lysate sates and performed the import assay. As shown, addusing a GST fusion of the importin ␤ binding (IBB) doing either U1 or U2 snRNPs to the snRNP-depleted lymain of importin ␣ (Gö rlich et al., 1996). GST alone was sate rescued GFP-SMN import ( Figure 2B ). As the used as a control. Western blotting of the depleted lysate purified snRNP fractions lacked snurportin and importin confirmed removal of importin ␤ ( Figure 3B ). GFP-SMN ␤ (Huber et al. 2002 and data not shown), we conclude was translated in the depleted lysates for use in the that SMN nuclear import is dependent upon the presimport assay. As shown in Figure 3A , GFP-SMN import was disrupted by removal of importin ␤ and was unafence of U snRNPs. fected by depletion with GST alone. Strikingly, adding we performed the import assay using reticulocyte lysate depleted for ZPR1. As shown in Figure 3C , depletion recombinant importin ␤ rescued GFP-SMN import (Figure 3A ). These data demonstrate that importin ␤ indeed with anti-ZPR1 abrogated GFP-SMN import, but adding back recombinant ZPR1 alone did not restore the defect. serves as the cognate import receptor for SMN.
ting (
Curiously, we found that depleting ZPR1 also cleared a significant fraction of snRNP proteins from the lysate ZPR1 Forms Complexes with snRNPs and SMN ( Figure 3D ). Accordingly, adding ZPR1 and purified U1 but Is Not Essential for Import snRNPs to the depleted lysates rescued SMN import A signaling protein, called ZPR1, has been implicated ( Figure 3C ). However, ZPR1 is not strictly required for in localization of SMN to the nucleus. The interaction of SMN import, as adding U1 snRNPs alone proved suffi-SMN and ZPR1 is thought to be indirect, mediated by cient for rescue ( Figure 3C Cy3-labeled U1 snRNPs were used as import substrates in digitonin-permeabilized HeLa cells. The cytosol was reconstituted using rabbit reticulocyte lysate. The in vitro import assays were conducted for 30 min at 25ЊC. Import was examined using SMN-or U2B″-depleted lysates (mAbs 7B10 and 4G3, respectively); the depletions were confirmed by Western blot analyses. Two micrograms of recombinant SMN (rSMN) was added to the reaction to attempt rescue of defective import. SPN and importin ␤ were added in 5-fold molar excess over U1 snRNPs to the SMN-depleted lysate to restore U1 import. One hundred nanograms of purified SMN complex or a control fraction was added to rescue Cy3-U1 snRNP import defects seen upon SMN depletion. In two of the panels, import assays were conducted without added reticulocyte lysate, using recombinant importin ␤, Cy3-U1 snRNPs, and with or without purified SMN complexes (400 ng), His-Ran, GTP, and an ATP regenerating system. Bar, 10 m. with 0.2M snRNPs, we studied import using both Cy3-U1 and GFP-SMN as import substrates in the same reasoned that the SMN complex could, in principle, be sufficient for rescue of U1 import but not necessary. In reaction. We found that both U1 and SMN were imported into the nucleus at 30 min in the presence of added fact, Huber et al. (2002) showed that a 5-fold molar excess of recombinant snurportin and importin ␤ was snRNPs at 30ЊC, but neither was imported at 4ЊC ( Figure  5B and data not shown). Together, these results demonsufficient for in vitro import of U1 snRNPs. Consistent with the existence of the two pathways, we found that strate the interdependence of U snRNP and SMN import, implicating a pivotal role for the SMN complex in the U1 snRNPs in the SMN-depleted lysate could be chased into the nucleus by adding a 5-fold excess of snurportin cap-independent snRNP import pathway. and importin ␤ ( Figure 4B ). The fact that Cy3-U1 import could be rescued from SMN-depleted lysates by adding SMN Mutations Disrupt Import importin ␤ with either snurportin or SMN complex sugHaving established the link between SMN and U snRNP gested that snRNP import could proceed in the absence import, we wanted to identify SMN protein motifs necesof exogenous snurportin. We therefore assayed Cy3-U1 sary for import and to further test the activities of biologiimport using cytosol entirely reconstituted with purified cally relevant mutations. A cartoon detailing the domain components (i.e., without reticulocyte lysate). To ensure structure of the SMN protein is shown in Figure 6A . the removal of endogenous snurportin, we preincubated
The Figure 5A ). Likewise, depletion of SMN complex interfered with U1 import created two internal deletions spanning these domains within GFP-SMN and tested their import efficiencies. (Figure 4) . Collectively, these experiments suggest that an excess of SMN complex might accelerate cap-indeStrikingly, the SMN⌬Ex3 and SMN⌬Ex6 mutations strongly inhibited import ( Figure 6B ). Since deletion of pendent U1 import. We therefore assessed Cy3-U1 import in the presence of 0.2 M TMG caps with lysate the Tudor domain (⌬Ex3) produces a protein incapable of binding snRNPs, this finding is completely consistent supplemented with 400 ng of purified SMN complexes. As shown in Figure 5A , we found that, just as adding with the results described above. However, disruption of SMN import by the Y-G box (⌬Ex6) deletion is notean excess of snurportin and importin ␤ chased snRNPs into the nucleus, an excess of SMN complex could also worthy, as it suggests the presence of oligomeric SMN in the active import complex (see Discussion). We also overcome the TMG cap inhibition.
In establishing the temporal framework for studying created two GFP-SMN constructs bearing missense mutations derived from patients with the severe form of SMN and U snRNP import, we found that Cy3-U1 could al., 1998, 2002). We found that adding a large molar We therefore anticipated that newly imported GFP-SMN excess of recombinant snurportin and importin ␤ prowould be first detected in CBs. However, our experiteins restored U1 snRNP import defects caused by SMN ments did not reveal focal accumulations of GFP-SMN. depletion, presumably through the cap-dependent imIt seems likely that the vast excess of in vitro translated port pathway. In similar fashion, adding purified, func-GFP-SMN in these experiments overwhelms the limited tional SMN complexes restored U1 import in SMNnumber of CB binding sites. However, the kinetics of depleted lysates. Taken together with the presence of GFP-SMN import we observed are completely consisthe SMN complex in a preimport RNP and its direct tent with those of FP-tagged Sm proteins. Microinjection interaction with importin ␤ and Sm proteins, we propose experiments (Sleeman and Lamond, 1999) showed that that the SMN complex represents the link between the GFP-SmB appeared diffusely throughout the nucleoSm core and importin ␤ (Figure 7) . This link to importin plasm at the earliest time points (1 hr post-injection). At ␤ could either be provided by SMN itself or by one of later time points (2-4 hr), FP-Sm proteins accumulated the Gemin proteins (Figure 7) . Thus, the SMN complex, primarily in CBs before proceeding on to speckles (6-15 or a subset thereof, functions as the adaptor for the Smhr). Thus, the earliest post-import pattern observed for core-dependent U snRNP import pathway. the core snRNP proteins agrees with the kinetics of GFP-SMN import studied here. . SMN⌬Ex7 is the most common isoform in SMA ports the notion that SMN import defects might underlie SMA pathogenesis in a small subset of patients. While we cannot be certain that the E134K mutant is completely functional for Sm-ring assembly, our biochemical analyses showed that SMN(E134K) binds Sm proteins with high fidelity and completely fails to interact with importin ␤ (Figure 6C ). In conclusion, the link between SMN and snRNP import exposes a unique regulatory step in snRNP biogenesis, providing a potential target for SMN dysfunction. 
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